Background: NAD(P)H: quinone oxidoreductase 1 (NQO1) plays a central role in catalyzing the two-electron reduction of quinoid compounds into hydroquinones. The NQO1 Pro187Ser polymorphism was found to correlate with a lower enzymatic activity, which may result in increased incidence of carcinomas including breast cancer. Previous studies investigating the association between NQO1 Pro187Ser polymorphism and breast cancer risk showed inconsistent results. We performed a meta-analysis to summarize the possible association. Methods: All studies published from January 1966 to February 2014 on the association between NQO1 Pro187Ser polymorphism and breast cancer risk were identified by searching electronic databases PubMed, EMBASE, Cochrane library, and Chinese Biomedical Literature database (CBM). The association between NQO1 Pro187Ser polymorphism and breast cancer risk was assessed by odds ratios (ORs) together with their 95% confidence intervals (CIs).
Background
Breast cancer is the most common cancer and the second most common cause of cancer-related death in women. In 2008 there were 182,460 women diagnosed with breast cancer, and 40,480 women died of this disease [1] . In several developing countries, such as China, breast cancer has surpassed cervical cancer and become the leading cause of cancer death among females [2] . Though the exact mechanism of breast carcinogenesis is still unclear, it has been well accepted that oxidative stress resulting from excess reactive oxygen species and deficiency in antioxidant capabilities play important roles in breast cancer etiology [3, 4] . NAD(P)H:quinone oxidoreductase 1 (NQO1), also known as diphtheria toxin diaphorase (DT-diaphorase), is a cytosolic flavoenzyme which is present in human epithelial and endothelial tissues. NQO1 is considered as an anticancer enzyme because it protect cells from oxidative damage by preventing quinones from entering the oneelectron reduction which is catalyzed by cytochrom b5 reductase or P450 reductase to generate semiquinone free radicals and reactive oxygen species [5] . On the contrary, with its unique property of transferring two electrons at a time by using either NADH or NADPH as reducing cofactor, NQO1 catalyze quinones and quinine-imines into hydroquinones, which are thought less toxic and easier to excrete when conjugated [6, 7] . The NQO1 gene, mapped to chromosome 16q22.1, is 17.2 kb in length and contains 6 exons and 5 introns [8] . There were at least 270 SNPs in the NQO1 gene according to the dbSNP database (http:// www.ncbi.nlm.nih.gov/SNP), including the most commonly occurring C-to-T transition at nucleotide position 609 in exon 6 (rs1800566, 609C > T), which results in a proline-to-serine amino-acid substitution at codon 187 (Pro187Ser) in the protein. It was reported that the variant T allele was associated with reduced NQO1 enzymatic activity in both human cell lines and primary human tissues [9, 10] . Furthermore, there is a clear allele dosage effect of the NQO1 609 T genotypes on NQO1 enzymatic activity, with the variant homozygotes (TT) having the lowest, the heterozygotes (CT) having the intermediate, and the wildtype homozygotes (CC) having the highest NQO1 enzyme activity [11] [12] [13] . Given that the previous studies have consistently shown that the variant T allele resulted in reduced enzymatic activity, it was biologically reasonable to hypothesize a potential relationship between the NQO1 Pro187Ser polymorphism and cancer susceptibility.
In the past two decades, a number of molecular epidemiological studies have evaluated the association between the NQO1 Pro187Ser polymorphism and breast cancer risk, but the results remain inconsistent. Several studies have previously suggested that the NQO1 Pro187Ser polymorphism was associated with an increased risk of breast cancer [14, 15] . However, other studies have failed to confirm such an association [3, 16] . In addition, a meta-analysis by Yuan et al. [17] found that the NQO1 Pro187Ser polymorphism may contribute to breast cancer development in Caucasians. However, evidence was limited because only 6 studies were available at that time. In addition, only ethnicity was considered in the subgroup analysis and the source of heterogeneity was not explored in this study. As some new studies emerging [16, 18, 19] , to provide the most comprehensive assessment of the associations between the NQO1 Pro187Ser polymorphism and breast cancer risk, we performed an updated meta-analysis of all available studies with extensive exploration of the source of heterogeneity and subgroup analyses.
Methods

Search strategy
We conducted a comprehensive literature search in PubMed, EMBASE, Cochrane library, and Chinese Biomedical Literature (CBM) databases form January 1966 to February 2014 using the following search strategy: ("breast cancer") and ("NAD(P)H:quinone oxidoreductase 1", or "NQO1"). There was no restriction on sample size, population, language, or type of report. All eligible studies were retrieved and their references were checked for other relevant studies. The literature retrieval was performed in duplication by two independent reviewers (Qiliu Peng and Yu Lu). When multiple publications reported on the same or overlapping data, we chose the most recent or largest population. When a study reported the results on different subpopulations, we treated it as separate studies in the meta-analysis.
Inclusion and exclusion criteria
Studies included in the meta-analysis were required to meet the following criteria: (1) case-control or cohort studies which evaluated the association between NQO1 Pro187Ser polymorphism and breast cancer risk; (2) used an unrelated case-control design; (3) had an odds ratio (OR) with 95% confidence interval (CI) or other available data for estimating OR (95% CI); and (4) the control population did not contain malignant tumor patients. Studies were excluded if one of the following existed: (1) no control population; (2) duplicate of previous publication; and (3) insufficient information for data extraction.
Data extraction
Two authors (Qiliu Peng and Xue Qin) independently reviewed and extracted data from all eligible studies. Data extracted from eligible studies included the first author, year of publication, ethnicity, country of origin, genotyping method, source of control, matching criteria, breast cancer ascertainment, total numbers of cases and controls and genotype frequencies of cases and controls. Ethnic backgrounds were categorized as Caucasian, Asian, and Arab. When a study did not state the ethnic descendent or if it was impossible to separate participants according to such phenotype, the group reported was termed as "mixed ethnicity". To ensure the accuracy of the information extracted, the two authors checked the data extraction results and reached consensus on all of the items. If different results generated, they would check the data again and have a discussion to come to an agreement. If these two authors could not reach a consensus, another author (Shan Li) was consulted to resolve the dispute and a final decision was made by the majority of the votes. Menopausal status was divided into premenopausal and postmenopausal and was additionally recorded for stratified analysis.
Quality score evaluation
The quality of eligible studies was evaluated independently by two authors (Qiliu Peng and Yu Lu) according to a set of predefined criteria (Table 1 ) based on the scale of Thakkinstian et al. [20] . The revised criteria cover the source of controls, representativeness of cases, ascertainment of breast cancer, total sample size, quality control of genotyping methods, and Hardy-Weinberg equilibrium (HWE) in the control population. Discrepancies were resolved by consensus. Scores ranged from 0 (lowest) to 10 (highest). Articles with scores equal to or higher than 7 were considered "high-quality" studies, whereas those with scores less than 7 were considered "low-quality" studies.
Statistical analysis
The strength of the association between NQO1 Pro187Ser polymorphism and breast cancer risk was assessed by odds ratios (ORs) with 95% confidence intervals (CIs). The significance of the pooled OR was determined by a Z test and the p value less than 0.05 was considered significant. The association of NQO1 Pro187Ser polymorphism with breast cancer risk was assessed using codominant model (Ser/Ser vs. Pro/Pro and Ser/Pro vs. Pro/ Pro), recessive model (Ser/Ser vs. Ser/Pro + Pro/Pro), and dominant model (Ser/Ser + Ser/Pro vs. Pro/Pro).
The χ 2 based Q test was used to assess the heterogeneity among studies [21, 22] . If the result of the Q test was P Q < 0.1, indicating the presence of heterogeneity, a random-effects model (the DerSimonian and Laird method) was used to estimate the summary ORs [21] ; otherwise, when the result of the Q test was P Q ≥ 0.1, indicating the absence of heterogeneity, the fixed-effects model (the Mantel-Haenszel method) was used [22] . To explore the sources of heterogeneity among studies, we performed logistic metaregression and subgroup analyses. The following study characteristics were included as covariates in the metaregression analysis: genotyping methods (PCR-RFLP vs. not PCR-RFLP), ethnicity (Caucasians vs. not Caucasians), source of controls (Hospital-based vs. Population-based), quality scores (High-quality vs. Low-quality), HWE status (Yes vs. No), and breast cancer ascertainment (pathologically or histologically confirmed vs. other diagnosis criteria). Subgroup analyses were conducted by ethnicity, menopausal status, quality score, source of control, and HWE in controls. Galbraith plots analysis was performed for further exploration of the heterogeneity.
Sensitivity analysis was performed by sequential removal of individual studies. Publication bias was evaluated using a funnel plot and Egger's regression asymmetry test. The distribution of the genotypes in the control population was tested for HWE using a goodness-of-fit χ 2 test. All analyses were performed using Stata software, version 12.0 (Stata Corp., College Station, TX). 
Result
Study characteristics
Base on our search criterion, 112 individual records were found, but only 11 full-text publications were preliminarily identified for further detailed evaluation. According to the exclusion criteria, 2 publications were excluded including 1 provide insufficient information for data extraction [23] , and 1 was a meta-analysis [17] . Manual search of references cited in the published studies did not reveal any additional articles. As a result, a total of 9 relevant studies met the inclusion criteria for the meta-analysis [3, [14] [15] [16] 18, 19, [24] [25] [26] . Among them, one of the eligible studies contained data on two ethnic groups [15] , and we treated it independently. Therefore, a total of 10 separate comparisons including 2,773 breast cancer cases and 4,076 controls were finally included in our meta-analysis. The main characteristics of the studies are presented in Table 2 . Of all the eligible studies, 6 were conducted in Caucasian populations, 3 were in Asians, and 1 was in Arabs. Six studies were population-based and 4 were hospital-based studies. All studies used validated methods including PCR-RFLP, PCR-SSCP, PCR-CTPP, TaqMan assay, and 5′ exonuclease assay to genotype the NQO1 Pro187Ser polymorphism. The breast cancer cases were histologically or pathologically confirmed in 7 of the eligible studies. The genotype distributions of the controls in 2 studies were not consistent with HWE [16, 25] .
Meta-analysis
The results of meta-analysis of the association between NQO1 Pro187Ser polymorphism and breast cancer risk were shown in Figure 2 ), but not in hospital-based studies. However, when stratified by menopausal status, quality score, and HWE in controls, statistical significant association was not detected in all subgroups.
Test of heterogeneity
Statistical significant heterogeneity among studies was observed when all studies were pooled into the metaanalysis (Ser/Ser vs. Pro/Pro: P Q = 0.004; Ser/Pro vs. Pro/ Pro: P Q = 0.033; Ser/Ser + Ser/Pro vs. Pro/Pro: P Q = 0.023; Ser/Ser vs. Ser/Pro + Pro/Pro: P Q = 0.007; Table 3 ). To explore the sources of heterogeneity, we performed metaregression and subgroup analyses. Metaregression analysis of data showed that the genotyping methods, source of controls, ethnicity, quality scores, HWE status, and breast cancer ascertainment were not effect modifiers of heterogeneity. Subgroup analyses stratified by ethnicity, menopausal status, quality score, source of control, and HWE status showed that heterogeneity still existed among Caucasians, low quality studies, population-based studies, and studies consistent with HWE (Table 2) . To further explore the source of heterogeneity, we performed Galbraith plots analysis to identify the outliers which might contribute to the heterogeneity. Our results showed that the study Menzel et al. [15] was the outlier in the overall populations. All P Q values were greater than 0.10 after excluding the study Menzel et al. [15] in the overall populations, Caucasians, population-based studies, and studies consistent with HWE. However, the significance of the summary ORs for NQO1 Pro187Ser polymorphism in the overall population and subgroup analyses were not influenced by omitting this study [15] .
Sensitivity analysis
Sensitivity analysis was performed to assess the influence of each individual study on the pooled ORs by sequential removal of individual studies. The results suggested that no individual study significantly affected the pooled ORs.
In addition, sensitivity analysis was further performed by omitting the studies by Singh et al. [16] and Hamajima et al. [25] in which the control populations were not in accordance with HWE. The significance of all ORs was not altered after excluding these two studies (data not shown), indicating that our results were robust and reliable.
Publication bias
Begg's funnel plot and Egger's test were performed to assess the publication bias of literatures in all comparison models. The shape of the funnel plot did not reveal any evidence of obvious asymmetry. Then, the Egger's test was used to provide statistical evidence of funnel plot symmetry. The results still did not suggest any evidence of publication bias (P = 0.114 for Ser/Ser vs. Pro/Pro; P = 0.277 for Ser/Pro vs. Pro/Pro; P = 0.704 for Ser/Ser + Ser/Pro vs. Pro/Pro, Figure 3 ; P = 0.226 for Ser/Ser vs. Ser/Pro + Pro/Pro).
Discussion
Previous studies investigating the associations between NQO1 Pro187Ser polymorphism and breast cancer presented inconsistent results, and most of those studies involved no more than a few hundred breast cancer cases, which is too few to assess any genetic effects reliably. Meta-analysis has been recognized as an important tool to more precisely define the effect of selected genetic polymorphisms on the risk for disease and to identify potential important sources of between-study heterogeneity [27] [28] [29] .
Hence, we performed this meta-analysis including all available studies to provide the most comprehensive assessment of the associations between the NQO1 Pro187Ser polymorphism and breast cancer risk. Our results showed that the NQO1 is a candidate gene for breast cancer susceptibility. The NQO1 Pro187Ser polymorphism was associated with an increased breast cancer risk among Caucasians (Ser/Pro vs. Pro/Pro: OR = 1.145, 95% CI = 1.008-1.301, P = 0.038; Ser/Ser + Ser/Pro vs. Pro/Pro: OR = 1.177, 95% CI = 1.041-1.331, P = 0.009). Our result is consistent with the previous meta-analysis performed by Yuan et al. [17] . Given the biochemical properties of NQO1 in protecting cells from oxidative damage and tumor development, this result may be biologically plausible. NQO1 is a key enzyme which catalyzes the two-electron reduction of quinoid compounds into hydroquinones, which reduces and detoxifies quinines and thus protects cells against redox cycling and oxidative stress [30, 31] . Previous study suggested that some variants, especially those in the promoter regions of genes, may affect either the expression or activity levels of enzymes and therefore may be mechanistically associated with cancer risk [32] . The NQO1 Pro187Ser polymorphism is a C-to-T transition in the NQO1 gene which leads to a proline to serine amino acid substitution at codon 187 in the protein [33, 34] . The NQO1 Pro187Ser polymorphism has been found correlated with decreased enzymatic activity of NQO1 and may affect host's susceptibility to cancer by changing the enzymatic activity of NQO1 [33, 34] . More importantly, the NQO1 Pro187Ser polymorphism has been shown associated with increased risk for many different types of cancers, including colorectal cancer [35] , lung cancer [36] , esophageal cancer [37] , and hepatocellular carcinoma [38] . Our results add new evidence that the NQO1 Pro187Ser polymorphism contributes to cancer susceptibility.
In subgroup analysis stratified by ethnicity, the NQO1 Pro187Ser polymorphism presented a risk factor for breast cancer in Caucasian populations, but not in Asian and Arab subjects. The inconsistent data among the different ethnicities may indicate different effects of the NQO1 Pro187Ser polymorphism on breast risk in different ethnic genetic and environmental backgrounds. Studies reported that NQO1 enzyme not only detoxify carcinogenic compounds [6] but also bioactivate several kinds of procarcinogen [39] ; thus, decreased activity of NQO1 enzyme may have dual effect on carcinogenesis. There may be some alternative ways in the Asian and Arab populations to detoxify carcinogenic compounds which can effectively compensate for the loss of NQO1 enzyme activity. Nevertheless, owing to the limited number of relevant studies among Asian and Arab populations included in the meta-analysis, the observed negative association between NQO1 Pro187Ser polymorphism and breast cancer risk in Asians and Arabs is likely to be caused by chance because study with small sample sizes may have insufficient statistical power to detect a slight effect or may have generated a fluctuated risk estimate. Currently there are only 3 studies in Asian population and 1 in Arab population for NQO1 Pro187Ser polymorphism and breast cancer risk. Therefore, the negative results of the Asain and Arab populations should be interpreted with caution.
In subgroup analysis according to the source of control, statistical significant increased breast cancer risk was found in population-based studies but not in hospitalbased studies. The reason may be that the hospital-based studies have inherent selection biases due to the fact that such controls may not be representative of the study population or the general population, particularly when the genotypes under investigation were associated with the disease-related conditions that hospital-based controls may have. Thus, the use of proper and representative population-based control participants is of great importance in reducing biases in such genotype association studies.
Heterogeneity is a potential problem when interpreting the results of a meta-analysis, and finding the sources of heterogeneity is one of the most important goals of metaanalysis [40, 41] . In the present study, statistical significant between-study heterogeneity among studies was observed when all studies were pooled into the meta-analysis (Ser/Ser vs. Pro/Pro: P Q = 0.004; Ser/Pro vs. Pro/Pro: P Q = 0.033; Ser/Ser + Ser/Pro vs. Pro/Pro: P Q = 0.023; Ser/ Ser vs. Ser/Pro + Pro/Pro: P Q = 0.007; Table 3 ). To explore the sources of heterogeneity, we performed metaregression and subgroup analyses. Metaregression analysis of data showed that the genotyping methods, ethnicity, source of controls, quality scores, HWE status, and breast cancer ascertainment were not effect modifiers of heterogeneity. Subgroup analyses stratified by ethnicity, menopausal status, quality score, source of control, and HWE status showed that heterogeneity still existed among Caucasians, low quality studies, population-based studies, and studies consistent with HWE (all P Q values < 0.10). Subsequently, we performed Galbraith plots analysis to further explore the source of heterogeneity. Galbraith plots analysis showed that the study Menzel et al. [15] was the outlier in all genetic models in the overall populations. When excluding the study Menzel et al. [15] , the heterogeneity decreased obviously and all P Q values were greater than 0.10 in all genetic comparison models in overall populations, Caucasians, population-based studies, and studies consistent with HWE. However, the summary ORs in the overall populations, Caucasians, population-based studies, and studies consistent with HWE were not material changed by omitting this study, indicating that our results were robust and reliable. The results indicated that the study Menzel et al. [15] was the major source of the heterogeneity in the meta-analysis.
However, there are still some limitations in this metaanalysis. First, in subgroup analysis by ethnicity, the included studies regarded only Caucasians, Asians, and Arabs for NQO1 Pro187Ser polymorphism. Data concerning other ethnicities such as Africans were not found. Thus, additional studies are warranted to evaluate the effect of this functional polymorphism on breast cancer risk in different ethnicities, especially in Africans. Second, our results were based on unadjusted estimates. We did not perform analysis adjusted for other covariates such as age, obesity, drinking and smoking status, use of contraceptives, environment factors, and so on, because of the unavailable original data of the eligible studies. Third, subgroup analyses were based on studies with relevant information available. Owing to the lack of detailed information in most studies, the subgroup analysis for menopausal status consisted of only two studies for each subgroup, which might not be sufficient to reach a reliable conclusion.
Conclusions
This meta-analysis provided a more precise estimation based on larger sample size compared with the individual studies and previous meta-analysis. Our study suggested that NQO1 Pro187Ser polymorphism might contribute to breast cancer risk, especially in Caucasian populations. However, it is necessary to conduct large sample studies using standardized unbiased genotyping methods, homogeneous breast cancer patients, and well-matched controls to further validate the results of our meta-analysis. Moreover, gene-gene and gene-environment interactions should also be considered in the analysis. Such studies taking these factors into account may eventually lead to a better, more comprehensive understanding of the association between NQO1 Pro187Ser polymorphism and breast cancer risk.
